ABSTRACT
Introduction

1
Polymer hydrogels, which usually contain more than 90 % water, has been widely used in 2 tissue engineering, 1, 2 drug delivery systems 3, 4 and superabsorbent materials. 5, 6 The mechanical 3 properties of hydrogels are determined by microscopic network structure, the latter is considered 4 to be greatly influenced by network defects (inhomogeneities). 7 Network defects can be mainly 5 classified as spatial and topological defects. 8 The spatial defect refers to the nonuniform 6 distribution of cross-linkers. The topological defects include entanglements, loops, and dangling 7 ends. Among them, loops and dangling ends are inelastic part under deformation, while 8 entanglements are a major account for a higher modulus in experiment than in phantom 9 prediction. 9 All of them lead to a deviation in gel structure from the "ideal" network. 10 Many 10 innovative works aimed to regulate gel properties by controlling network structures. Most of 11 them attempted to minimize network defects, for example, by cross-end coupling of two 12 tetra-arm pre-polymers at the overlap concentration, 11 or by introducing movable "figure of eight" 13 cross-linkers that can maintain network homogeneity upon deformation. 12 On the contrary, a 14 "double network" concept was applied to achieve extremely tough hydrogels by manually 15 introducing network inhomogeneities. 13 However, there exist few works on precisely regulating 16 gel properties by network topological defects, 14 although it fits the object to broaden the 17 engineering application and elasticity theory of hydrogels. The reason may be the shortage of 18 robust synthesis and characterization methods that can precisely introduce and characterize 19 network topological defects in gel networks.
20
Click chemistry, 15, 16 which has a high reaction efficiency and high atom economy (~100 %), 21 has been successfully used to prepare model network of precise structure and controllable 22 properties. [17] [18] [19] [20] [21] UV and fluorescence analysis indicated that only a maximum of 0.2 % unreacted 23 functional groups remained after initial gel formation. 21 The quantitative coupling nature makes 1 it an encouraging alternative to other reactions in hydrogel preparing. 22, 23 To better control the 2 reaction rate and obtain a homogeneous gel, an improved CuAAc method 24 using thermal 3 initiation to reduce Cu(II) to Cu(I) was used in this work. Among the state-of-art method to 4 characterize gel network structure such as multiple-quantum (MQ)NMR, [25] [26] [27] small-angle X-ray 5 (SAXS) or neutron scattering (SANS) [28] [29] [30] , and network disassembly spectrometry (NDS), 31 ,32 the 6 low-field solid NMR is a powerful tool for its ability in distinguishing topological defect from 7 elastic network chains by their different chain mobility.
33,34
Monte Carlo (MC) simulation 35, 36 8 has been proved to be a robust tool in the study of polymer network formation, structure, and 9 dynamics.
37-39
The simulation method can shed light on the microscopic network structures 10 which are not experimentally accessible.
11
In this study, the effect of dangling ends defect on gel properties was investigated. Precise 12 amount of dangling ends were introduced by replacing original multi-functional cross-linkers 13 with mono-azide-functional molecules, while maintaining functional group stoichiometry. All the chemicals were used directly without further purification.
7
The synthesis of tetrakis(2-propynyloxymethyl)methane (B4) is the same as described by L. Q. 
Preparation of click hydrogels
12
Determination of c*. To optimize the synthesis condition and reduce the probability of 13 forming entanglement, the gel was prepared at a relative dilute pre-polymer concentration near Determination of gel fraction and polymer volume fraction Experimental gel fraction was 2 determined from a leaching study. As-prepared gel sample (thickness ~ 1 mm) was dried at 3 40 °C for at least 3 days until it reached a constant weight M0. After that, the sample was 4 immersed in Milli-Q water to let the sol part leach out of the gel network. Water was changed 5 every three hours for 3 times. After that the gel sample was dried completely at 40 °C until it 6 reaches a weight recorded as M. The gel fraction was calculated from the weight after and before 7 the leaching experiment, subtracting the weight (Ms) of initiator, catalyst, and ligand:
Finally the sample was again soaked in Milli-Q water for more than 48 h and the equilibrium In this work, the algorithms, with a modification, is 22 employed to build a randomly defected gel network. Although the off-lattice 3-D MC model 23 requires more computation time, it is considered to be able to reflect the network structure in 1 space more accurately than previous lattice models. 45, 46 A brief summary of the algorithm is 2 introduced in the supporting information. Gennes.
49
The method was explicitly described in the reference. fraction of G3 decreases more rapidly than G4, indicating that the defect has a large impact on 6 the integrity of low-functional networks. is evidently smaller than that calculated from "Burning Method", for the previous 6 theory argued that elastic cross-linkers should have a functionality f > 2, while in "Burning 7
Method", the cross-linkers with f = 2 can also be elastically effective. The T2 decay curve, illustrated in Fig. 3 , was found to 7 be well described by the following equation, consisting of the sum of two exponential models.
where t is the relaxation time, AE and AD are amplitudes of elastic and inelastic chain component 10 at time zero, respectively; T2E and T2D are T2 decay constants of elastic network chain and 11 inelastic network chain, respectively. The elastic chain fraction can be calculated from p'e (%) =
12
AE/(AE+AD). In Fig. 3(c) , the elastic chain fractions obtained from NMR were compared to the 13 values calculated from "burning method". They were in good agreement, confirming the success 14 of introducing precise amount of dangling end defect and the feasibility of simulation method.
16
Mechanical behavior analyses. The dynamic shear modules G' of these gels were nearly 17 independent of frequency, confirming the elastic character of these chemically cross-linked gels. -3. λm is the maximum deformation ratio. The fitting parameters G, Jm and λm based on an average of at least 3 samples' stress-strain data 3 are shown in Table 1 . The orders of G falls in between few and few tens of kPa, which is about Table 1 . Fitting parameters of the samples shown in Fig. 4 . Each set of data are the averages 9 from at least 3 samples' stress-strain data. To discuss the strain-hardening behavior in more detail, we further analyzed the data in Figure   5 4 by using the phenomenological Mooney-Rivlin model:
where C1 and C2 are material constants. 2C1 = G and C2 is related to strain softening (C2 > 0) 8 or hardening (C2 < 0).
9
In Fig. 5(a,b) , σ/(λ-1/λ 2 ) is plotted against 1/λ. For both G4 and G3 series, in all range of strain,
10
C2 is almost constant and C2 < 0. The phenomenon reveals that very weak strain hardening,
11
originating from finite extensibility of PEG chain, takes effect during the whole test. In Fig. 5(c) , plotted with defect percentage for both G4 and G3 series. In general, G4 series have a larger |C2| 1 than that of G3 series, which reflects a relatively prominent finite chain extensibility of G4 2 network. It can be explained by the more constraint of network chain due to the higher 3 functionality of cross-linkers. In a similar way, a high defect percent renders the network more 4 freedom and less finite chain extensibility effect, leading to a decrease in |C2| value with the 5 increase of defect percentage for both G4 and G3 series. well-defined single network gels follow the Phantom model prediction.
43,61
Click gels with 12 controlled dangling end defect also support this argument, which will be shown as follows. cross-linkers, respectively, which are calculated by "Burning Method" analysis on the network.
22
As shown in Fig. 6 which is demonstrated to be a homogeneous network by SANS characterization. 43 We note that 4 the slight downturn at small defect percentage (0 % -10 %) may result from the impurity of PEG2k-azide. Affine and Phantom models. which is the case in our system. Thus a constant χ is a reasonable simplification 13 applied in this study.
14 Based on ν -μ estimated from the "Burning Method", v2,s can be readily predicted. In this work we proposed, to the best of our knowledge, the first attempt to control gel 
